Introduction
Many spotted fever group rickettsiae, including Rickettsia rickettsii, R. conorii, R. siberica, R. akari and R. japonica, cause severe disease in man, but maintain long-term, essentially commensal relationships with their tick or mite hosts [l, 21 . This disparity in the interaction of rickettsiae with mammalian and arthropod hosts presumably reflects host-adaptive patterns of bacterial gene expression. Rickettsiae are obligate intracellular bacteria that can be propagated in embryonated eggs, chick embryo fibroblasts and various mammalian cell types [3, 41 . Rickettsiae propagated by these methods have been used to identify antigens eliciting strong humoral immune responses [5 -91. Various environmental signals have been shown to influence patterns of gene expression in bacterial pathogens [lo, 111. A recent example of inducible expression in a tick-borne bacterial pathogen is the OspC outer surface protein of Borrelia burgdorferi, which is expressed upon blood feeding by infected ticks or upon a temperature shift from 24°C to 32"-37°C in vitro [ 121. A temperature increase from 20°C to 37°C of the infected tick host Dermacentor andersoni has long been implicated in enhanced infectivity of R. rickettsii [ 12, 141. In considering potential roles of rickettsial proteins in human vascular disease, the study aimed to investigate whether certain proteins are constitutively expressed or are induced by host or environmental conditions. The arthropod-vertebrate host transition represents a key change in rickettsial environment, providing signals that may result in adaptive patterns of bacterial gene expression. This study examined the growth of R. rickettsii in tick and mammalian cell lines and analysed the effect of temperature on rickettsial protein expression in tick cells.
Materials and methods

Cell lines and growth of R. rickettsii in cell culture
Vero76 African green monkey kidney fibroblast cell line (ATCC CRL 1587) and ECV304 human umbilical vein endothelial cell line (ATCC CRL 1998) were maintained in culture as recommended (American Type Culture Collection, Rockville, MD, USA). The IDE2 cell line is an embryonic tick cell line obtained from Ixodes scapularis eggs [ 151. DALBE3 was derived from Dermacentor albipictus eggs essentially as described for the Ixodes cell line. Both lines were maintained in L15B medium [ 161 containing Tryptose Phosphate Broth (TPB; Difco) lo%, heat-inactivated fetal calf serum (FCS; Life Technologies, Gaithersburg, MD, USA) 5%, bovine cholesterol concentrate (ICN, Irvine, CA, USA) 10 pg/ml penicillin (Sigma) 50 units/ml and streptomycin (Sigma) 50 pg/ml. IDE2 was grown at 30°C and DALBE3 was grown at 34°C. R. rickettsii R strain, with a cumulative history of 53 yolk sac passages, one chicken embryo fibroblast passage (plaque isolate), four yolk sac passages, and two Vero76 passages (plaque isolate), was used as inoculum within four subsequent Vero76 passages. Inoculum titres were determined as described previously [17] . Cells to be infected were trypsinised (Vero76 and ECV304) or dislodged by repeated pipetting (IDE2 and DALBE3), counted and plated in antibiotic-free medium at 2.5 X 105/ml, 6 m1/25-cm2 culture flask for determining the time course infection. Twenty-four h after plating, medium was removed, rickettsial inoculum was added in 1 ml of incubation medium and flasks were rocked for 30 min at room temperature before the addition of M199 (Life Technologies) containing NaHC03 0.88 gL and heatinactivated FCS29 to Vero76 and ECV3034 cells, or L15B as described above, minus antibiotics, to IDE2 and DALBE3 cells. Flasks were sealed and incubated at the temperature specified in each experiment. At each time-point for rickettsial titre determination, cells were scraped into supernatant medium and sonicated before storage of aliquots at -70°C.
Imm uno blot analysis of rickettsial an tigens
Total lysates. Thawed aliquots of sonicated material from growth curve analyses were centrifuged for 5 min at 12 000 g, solubilised in RIP buffer -0.1 M Tris, pH 8; 0.3 M NaC1; 20 mM EDTA; sodium deoxycholate (Sigma) 1%; Triton X-100 (Sigma) 1%; SDS (BDH, Poole) 0.2%; 1 mM PMSF (Sigma); pepstatin A (Fluka, Ronkonkoma, NY, USA) 1 pg/ml -mixed with an equal volume of SDS-PAGE sample buffer and boiled for 5 min.
Partially purijied lysates. Rickettsiae were partially purified from thawed 1 -ml aliquots by centrifugation for 15 min at 12 000 g, 4°C through 0.5 ml of Renografin (Squibb, Princeton, NJ, USA) 30% in BHI prior to solubilisation and boiling as above. Samples were separated by SDS-PAGE in 10% gels [18] . Antigens were transferred to immobilon-P (Millipore, Bedford, MA, USA) as described previously [19] , modified by use of 25 mM sodium phosphate, pH 7.4, for transfer buffer at 32 V (1.0 amps) for 2.5 h. Filters were incubated with hyperimmune rabbit antiserum to formalin-fixed R. rickettsii Shelia Smith strain, washed and incubated with '251-labelled protein A (DuPont NEN, Boston, MA, USA), each at 1 in 1000 dilution. Antigens were detected by autoradiography (Xomat AR, Eastman Kodak, Rochester, NY, USA).
Electron microscopy of infected cells
Vero76 and ECV304 cells were trypsinised and DALBE3 and IDE2 were suspended by pipetting from culture flasks, resuspended in complete medium, centrifuged at 600 g and washed at 4°C in 0.1 M sodium cacodylate buffer, pH 7.4, containing 0.1 M sucrose (mammalian cells) or 0.2 M sucrose (tick cells). Cells were fixed for 2 h in paraformaldehyde 4%: glutaraldehyde 2.5% in 0.1 M sodium cacodylate buffer containing 0.2 M sucrose. Cells were post-fixed in Karnovsky's OsO4 0.5%: &Fe(Cn)6 0.8% followed by tannic acid I%, and stained overnight en bloc in uranyl acetate 1%. Samples were dehydrated in a graded ethanol series followed by a transition step with propylene oxide, and embedded in epon-araldite. Thin sections were cut with an RMC MT-7000 ultramicrotome, stained with uranyl acetate 1% and Reynold's lead citrate and observed at 80 kV on a Philips CM-10 transmission electron microscope.
Results
Growth and survival of R. rickettsii in mammalian and tick cell lines
To determine their relative ability to support rickettsial growth, R. rickettsii were inoculated in Vero76, ECV304, DALBE3 and IDE2 cells and incubated at 34°C. Cell sonicates were prepared at various times post-infection (p.i.) and assayed for plaque-forming units (PFU) on Vero76 cells. At low mutiplicity of infection (m.o.i.), all cell lines suported lo2-103-fold increases in rickettsial titre over the first 72 h of incubation (Fig. la) . The Vero76 cells showed plaque formation at 5 days p.i., without any apparent plaque formation in parallel infections of IDE2 cells.
An intermediate m.o.i., Vero76 and IDE2 cells were compared (Fig. lb) . Vero76 and IDE2 both allowed a 102-fold increase in R. rickettsii titre, which was sustained in the IDE2 tick cell cultures up to 9 days p.i. However, in Vero 76 cells there was a decline in rickettsial titre to a value less than the input by 7 days p.i. At this m.o.i., IDE2 cells reproducibly showed at least l 03-fold higher rickettsial titres than Vero76 cells beyond 7 days p.i. (data not shown).
At high m.0.i. (Fig. lc) , there was no net increase in titre in any of the cell lines by 7 days p.i. Vero76 and ECV304 cells showed a pronounced loss in viable rickettsial titre between 4 and 10 days p i . IDE2 and DALBE3 cells sustained 10-fold higher titres to 10 days pi., indicating that R. rickettsii remains viable for longer periods in tick cell cultures than in mammalian cell cultures. Microscope examination of cultures at this m.0.i. revealed > 50% lysis and rounding of Vero76 and ECV304 cells by 3 days pi., with accumulation of cell debris and free rickettsiae. IDE2 and DALBE3 cells examined at this time were hyperchromatic and detached from the flask, but without signs of extensive lysis. 
Intracellular localisation and morphology or R. rickettsii
Because the apparent survival rate of R. rickettsii in Vero76 and ECV304 cells was less than in IDE2 and DALBE3 cells, the study investigated whether intracellular environments might induce structural or morphological differences that correlate with a lytic or non-lytic host-parasite interaction. Infected cells were fixed at 2 days p.i. and prepared for transmission electron microscopy. Fig. 2a-d shows that R. rickettsii was found free in the cytosol in all four cell lines, displaying a characteristic electron-lucent zone [20] , separating the rickettsial outer membrane from direct contact with the cytoplasm. Vacuoles containing masses of concentric membrane material were common in both infected and uninfected DALBE3 cells (Fig.  2c ). Rickettsiae were observed inside vacuoles only rarely in DALBE3 cells. No differences were detected in the ultrastructure of R. rickettsii in the varous cell lines with this approach.
R. rickettsii antigens in total infected cell lysates
Rickettsia1 antigen expression in infected tick and mammalian cell cultures was also examined for any correlation to host-specific survival of R. rickettsii. Samples of infected cell lysates from 1, 3 and 7 days p.i. were separated by SDS-PAGE and immunoblots were prepared with rabbit antiserum to formalin-fixed R. rickettsii (Fig. 3) . In all cell types, rickettsial antigens with apparent M, values expected of rOmpA (190 kDa) and rOmpBa (135 kDa) [21] were detected, in addition to unidentified antigens of 42, 43, 48 and 100 kDa. The rOmpA and rOmpBa antigens and the unidentified antigens increased as a proportion of total protein during the time course of the infection.
Temperature dependence of rickettsial protein expression
As tick species are poikilothermic and experience ambient temperatures lower than the 34°C optimum [22] for R. rickettsii growth in mammalian cells, the study investigated whether infected DALBE3 cells maintained at 28°C display rickettsial protein antigen profiles similar to those in cell maintained at 34°C. Infected cells incubated at 34°C for 1 day p.i. were shifted to 28°C for 5 days and then either returned to 34°C or maintained at 28°C for an additional 5 days. Rickettsiae were partially purified from cell sonicates by centrifugation through Renografin 30% pads, separated by SDS-PAGE and immunoblotted with anti-R. rickettsii serum (Fig. 4) . Solubilised samples were loaded so that rOmpBa acted as an internal standard that was represented at approximately equal intensity in the 28" and 34°C lanes. Antigens of 42, 43, 48, 75 and 100 kDa were expressed at 34°C but not at 28°C. A similar pattern of temperature-dependent expression was observed in IDE2 cells infected with R. rickettsii (data not shown). The 42-, 43-, 48-and 1 00-kDa antigens appear to correspond to antigens with these mobilities in total cell lysates identified in the time course infections at 34°C (Fig. 3) . The 75-kDa antigen also appeared to be detectable in the most heavily infected cell lysates, exemplified by the Vero76 cells at 7 days p.i.
Discussion
To understand the basis of the changes in host-parasite interaction that occur upon R. rickettsii transmission from a tick vector to a mammalian host, this study compared the growth and protein expression of R. rickettsii at temperatures appropriate to the mammalian and tick cell hosts. It was found that the IDE2 and DALBE3 embryonic tick cell lines and the ECV304 human umbilical vein endothelial cell line allowed levels of R. rickettsii multiplication at 34°C similar to those seen in Vero76 cells. Primary cultures of human umbilical vein endothelial cells are known to support growth and plaque development by R. rickettsii, as a model of cytopathic effects on the vascular endothelium [23-251. In the present study, the ECV304 line provided a human target cell comparison for tick cell infection by R. rickettsii. Certain tick cell lines have been reported to allow rickettsial growth [26, 271, but these reports did not provide details of the infection time course, analyse rickettsial protein expression, or describe the impact of infection on host cell survival. The tick cells in the present study were found to differ from the mammalian cell lines in their ability to sustain rickettsial viability for extended periods of incubation at 34°C. While mammalian cell monolayers were destroyed and released rickettsial particles, tick cells tolerated the rickettsial burden and showed reduced lysis. There was no obvious difference in rickettsial antigen and protein expression that correlated with this contrast in bacteria-host interaction. Electron microscopy of infected cells showed that R. rickettsii was indeed present free within the cytosol of each cell type. We suspect that the tick cells do not provide the opportunity for rickettsial escape and host cell damage that is provided by the mammalian endothelial and fibroblast cells. The mechanism of escape in Vero76 cells, and probably in ECV304 cells, involves actinbased motility [28] . Whether this rickettsial motility mechanism is functional in these tick cell lines or intact tick hosts remains to be tested. Escape from the tick host cell is clearly necessary in the natural transmission cycle that allows passage of R. rickettsii from tick gut to other organs, and escape from tick salivary gland cells to vascular endothelium of mammalian hosts. Resistance to rickett sia-induced cytopathy in cell culture has also been observed in cultures of meadow vole (Microtus pennsylvanicus) tunica vaginalis cells. The mechanism of resistance in this cell type is also unknown. This vole species is suspected of acting as a mammalian reservoir for spotted fever [29] .
R. rickettsii antigens with molecular masses of 42-49kDa have been noted in other studies by immunoprecipitation of radioiodinated or intrinsically labelled proteins [5, 6 , 8, 91 . In these studies, antigens that probably represent rOmpA and rOmpBa were the major reactive proteins. The tick cell infection model allowed the examination of temperature as a determinant of specific rickettsial protein expression. DALBE3 cells inoculated with rickettsiae and maintained at 28°C showed relatively little expression of a group of protein antigens compared to rOmpA and rOmpBa (Fig. 3 ). An increase in temperature to 34°C for 5 days was sufficient to induce expression of 42-; 43-; 4%; 75-and 100-kDa proteins. Development of monospecific immune reagents will be necessary to determine the subcellular localisation of these rickettsial proteins by microscopy and cell fractionation.
The immune sera used in the present study were raised against fixed rickettsial antigens expressed at 34°C. Immune sera from infected human patients or animals, as used in the reports on rickettsial antigens noted above, were likewise directed against rickettsial antigens expressed at elevated temperatures. These sera would not be expected to detect hypothetical rickettsial antigens specifically induced in the 20-28°C temperature range typical of the tick host. Additional studies will be required to determine if a subset of rickettsial proteins is specifically expressed during incubation in the arthropod host at reduced temperature. 
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expression in infected tick cells at 28°C and 34°C. 6ALBE3 tick cells were infected at m.0.i. 0.04, incubated for 24 h at 34"C, shifted to 28°C for 5 days and then either shifted to 34°C or maintained at 28°C for 5 additional days. At 10 days p.i., cells were sonicated and rickettsiae were partially purified by centrifugation through renografin 30%. Solubilised pellets from infected (Rr) or uninfected (Ctrl) cells were separated by SDS-PAGE and immunoblotted as in Fig. 3 . Detection was by autoradiography. Mobilities of antigens and mol. wt markers are as described in Fig. 3 .
Tick cell lines can provide a useful culture system to model nutrient and temperature effects on R. rickettsii protein expression and pathogenicity. In R. rickettsiiinfected D. andersoni ticks, rickettsiae are found in most cell types of the vector. In control ticks of this species, avirulent rickettsia-like organisms are found primarily in the reproductive organs [30] . Infectivity of spotted fever rickettsiae in the arthropod host may depend on a phenomenon termed 'reactivation', Ticks infected with R. rickettsii and kept cold for several months to simulate overwintering did not cause overt disease when homogenised and injected into guineapigs. If such ticks ingested a blood meal or were kept at 37°C for 72 h before injection, guinea-pigs suffered typical spotted fever symptoms. This reactivation of rickettsiae was postulated to be linked to the metabolic state of the arthropod host [13, 141, and may simply result from an increase in rickettsial infectious titre. A study of partially engorged, infected ticks showed a 102-fold increase in haemolymph PFU compared to unfed, infected ticks [31] . However, in unfed D. andersoni ticks the R. rickettsii microcapsular layer was reported to dissociate from the rickettsial surface, and tick feeding or incubation at 37°C resulted in restoration of typical morphology [32] . This report is the first indication that induction of specific rickettsial proteins may be a component of the reactivation process. Tick cell cultures chronically infected with R. rickettsii will allow detailed examination of correlations between ultrastructure, induction of specific proteins and infectivity of spotted fever group rickettsiae.
